In this study, we test the potential for passive cell wall biomineralization by determining the effects of non-metabolizing bacteria on the precipitation of uranyl, lead, and calcium phosphates from a range of over-saturated conditions. Experiments were performed using Gram-positive Bacillus subtilis and Gram-negative Shewanella oneidensis MR-1. After equilibration, the aqueous phases were sampled and the remaining metal and P concentrations were analyzed using inductively coupled plasmaoptical emission spectroscopy (ICP-OES); the solid phases were collected and analyzed using X-ray diffractometry (XRD), transmission electron microscopy (TEM), and X-ray absorption spectroscopy (XAS).
INTRODUCTION
Mineral precipitation reactions affect the mobility and distribution of mass in a wide range of geochemical systems. Bacteria are ubiquitous in near-surface environments, and can control precipitation reactions in these systems through a number of biomineralization mechanisms. Two general classifications of biomineralization reactions have been described (Lowentam, 1981; Bazylinski and Moskowitz, 1997) : biologically-induced mineralization (BIM) and biologically-controlled mineralization (BCM), both of which are driven by bacterial metabolic processes. In BIM, precipitation is not directly controlled by the 0016-7037/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi: 10.1016/j.gca.2011.02.030 organism, but occurs in response to interactions between elements in bulk solution and metabolic exudates from the organism. For example, sulfate-reducing bacteria produce sulfide, which can react with aqueous Zn when released from the cell to precipitate extracellular sphalerite (ZnS) (Labrenz et al., 2000) . In BCM, organisms expend energy to exert a direct control on precipitation, and the biominerals are used for a specific function and are typically located within a cell. For example, magnetotactic bacteria promote the internal formation of magnetite crystals for use as a navigational aide (Lefevre et al., 2009; YuZhang et al., 2009 ).
There has been considerable speculation that a third type of biomineralization reaction, non-metabolic passive cell wall nucleation of minerals, occurs and that this process, integrated over time for the bacterial biomass in soils and surface water systems, represents a significant vector for transformation of aqueous ions to clay minerals and other inorganic and organic phases (e.g., Urrutia and Beveridge, 1994; Schultze-Lam et al., 1996) . Both field (Ferris et al., 1987; Konhauser et al., 1993; Bonny and Jones, 2003; Fortin and Langley, 2005; Demergasso et al., 2007) and laboratory (Macaskie et al., 2000; Warren et al., 2001; Rivadeneyra et al., 2006) studies have examined mineral formation in super-saturated systems and have found a close spatial association between bacterial cells and a range of extracellular precipitated mineral phases. Despite the increasing number of studies to claim the importance of passive cell wall biomineralization (Lowenstam and Weiner, 1989; Châtellier et al., 2001; Ben Chekroun et al., 2004; Beazley et al., 2007; Dupraz et al., 2009) , the nature of the evidence to date is equivocal. A range of studies have documented associations between bacterial cells and mineral precipitates (Konhauser, 1997 (Konhauser, , 1998 Arp et al., 1998; Douglas and Beveridge, 1998; Warren et al., 2001; Perez-Gonzalez et al., 2010) , but a spatial association in and of itself does not prove a role of the cell wall in the precipitation reaction. Spatial associations between cells and precipitates that form away from the cells can be promoted through electrostatic attraction between cells and precipitates (Ams et al., 2004) . Although passive binding of aqueous cations to anionic sites located within bacterial cell walls can affect the speciation and distribution of metals in bacteria-bearing systems (Beveridge and Murray, 1976; Fein et al., 1997; Kulczycki et al., 2002; Deo et al., 2010; Li and Wong, 2010) , no study has demonstrated that this process affects mineral precipitation or that cell wall nucleation of precipitates can occur.
In addition to possible cell wall influences on precipitation, bacteria may influence mineral precipitation by exuding a range of organic molecules. For example, organic molecules exuded by biofilms widely affect the precipitation of calcite, influencing not only the growth kinetics, but the morphology as well (Mann et al., 1990; Archibald et al., 1996; McGrath, 2001; Meldrum and Hyde, 2001; Braissant et al., 2003; Hammes et al., 2003; Tong et al., 2004; Bosak and Newman, 2005; Dupraz et al., 2009) , likely through incorporation effects (Lowenstam and Weiner, 1989) . Studies have also shown that various organic molecules widely affect the structure and morphology of a range of minerals, including numerous iron oxides (Châtellier et al., 2001 (Châtellier et al., , 2004 Larese-Casanova et al., 2010; Perez-Gonzalez et al., 2010) , uranyl phosphate (Macaskie et al., 2000) , and silica (Williams, 1984) .
In this study, we probed the role of non-metabolizing bacteria in the formation of metal phosphate minerals from over-saturated solutions. We selected U, Pb, and Ca in order to investigate metals that exhibit a broad range of binding affinities with phosphorus. In general, authigenic precipitation of minerals from saturated solutions in bacteria-rich settings is an important geochemical process in a number of natural and engineered geological systems, so it is crucial to understand bacterial effects on the precipitation reactions in order to model mass transport in these systems. For example, the exposure of Fe(II)-bearing anaerobic groundwaters to oxidizing bacteria-bearing conditions leads to Fe(III)-oxide precipitation and coating of mineral grains which is ubiquitous in subsurface environments (Schwertmann et al., 1985; Sullivan and Koppi, 1998) . Phosphate systems are of particular interest due to the importance of P cycles and the low solubilities of many metal-phosphate phases. Reduction of Fe(III)-oxides by iron-reducing bacteria releases Fe(II) to solution and can lead to the precipitation of vivianite (Fe 3 (PO 4 ) 2 Á8H 2 O), which is a major sink for Fe and for heavy metals in fresh water sedimentary systems (Taylor and Boult, 2007) ; anthropogenic contamination of groundwater and soil systems can lead to precipitation (or co-precipitation) of heavy metals as oxides and phosphate phases in these systems (e.g., Kirpichtchikova et al., 2006; Manceau et al., 2007; Terzano et al., 2007) ; and remediation strategies such as phosphate amendments rely on precipitation reactions in bacteria-bearing systems to reduce concentrations of dissolved metals in systems, such as those contaminated with dissolved U (e.g., Beazley et al., 2007; Martinez et al., 2007; Wellman et al., 2007; Ndiba et al., 2008) or by acid mine drainage (e.g., Schultze-Lam et al., 1996) . The common denominator between all of these systems is the precipitation of phosphate and other mineral phases in environments that can be rich in non-metabolizing bacterial cells and/or bacterial exudates. Though most natural systems may not attain the degrees of supersaturation investigated in this study, some may, including mid-ocean ridge hydrothermal systems (Dekov et al., 2010) , and groundwater mixing zones where ferrous iron oxidizes and precipitates as ferric oxide coatings (James and Ferris, 2004) .
The objective of this study was to determine if, and under what conditions, the presence of non-metabolizing bacteria or bacterial exudates can influence precipitation reactions. Our experimental results can be used, therefore, to determine if the mobilities of the precipitating elements are likely to be markedly different than they would be if the precipitation occurred without bacteria present.
METHODS

General approach
We measured the nature and extent of metal phosphate precipitation as a function of aqueous saturation state in systems that contained suspensions of non-metabolizing cells of either Bacillus subtilis or Shewanella oneidensis, comparing the results to those of abiotic controls. In the experiments, we created a range of over-saturated solutions by adding various concentrations of P in the form of Na 2 H-PO 4 to solutions containing dissolved U, Pb, or Ca in 0.1 M NaClO 4 in which washed, non-metabolizing bacterial cells were suspended. We sampled the aqueous phase and analyzed for total remaining metal and P in solution using ICP-OES. In addition, we characterized the solid phase of each system using TEM, XRD, and XAS.
Experimental methods
Bacterial preparation
Bacillus subtilis and S. oneidensis cells were grown aerobically in 5 mL of trypticase soy broth medium with 5% yeast extract for 24 h at 32°C. The cells were then transferred to 1 L of trypticase soy broth medium with 5% yeast extract and incubated at 32°C for another 24 h. The cells were then collected via centrifugation at 8100g for 5 min. The resulting pellet was washed five times with 0.1 M NaClO 4 (following a procedure described in more detail by Borrok et al., 2007) , and pelleted after each wash using the centrifugation method described above. After five washes, the pellet was centrifuged for 1 h at 8100g to remove all excess liquid and to obtain a wet biomass value.
Kinetics experiments
Kinetics experiments were performed to determine the time required for the metal and P concentrations in the experiments to reach steady state. Precipitation experiments were prepared according to the method described below. Aqueous samples were extracted from each precipitation kinetics experiment at 0.25, 0.5, 1, 2, 4, 6, 18, 24, and 48 h. The samples were filtered through 0.2 lm PTFE syringe filters, acidified using trace metal grade 15.8 N HNO 3 at a sample:acid ratio of 5 mL:8 lL, and refrigerated pending ICP-OES analysis. Results (not shown) indicated that no change in metal or P concentration occurred after 2 h in the abiotic controls and the B. subtilis experiments, and after 3 h in the S. oneidensis experiments; all subsequent abiotic controls and B. subtilis experiments were allowed to react for 2 h, and subsequent S. oneidensis experiments were allowed to react for 3 h.
Batch precipitation experiments
To prepare the experiments, aqueous metal, P, and suspended bacteria parent solutions were mixed in different proportions to achieve the desired final concentrations. A 10 À3.08 M U parent solution was prepared in a Teflon bottle by dissolving UO 2 (NO 3 ) 2 in 0.1 M NaClO 4 ; a 10 À2.30 M Ca parent solution was prepared in a Teflon bottle by dissolving Ca(ClO 4 ) 2 (H 2 O) 4 in 0.1 M NaClO 4 ; and a 10 À3.02 M Pb parent solution was prepared in a Teflon bottle by diluting a commercially-supplied 1000 ppm aqueous Pb standard (in which the Pb is dissolved in 2% HNO 3 ) using 0.1 M NaClO 4 ; a 10 À2.19 M P parent solution was prepared in a Teflon bottle by dissolving Na 2 HPO 4 in 0.1 M NaClO 4 . A 6.25 g (wet mass)/L bacterial parent solution was prepared by suspending a known mass of washed, non-metabolizing bacterial cells in 0.1 M NaClO 4 .
Each experimental system was prepared by adding a weighed mass of bacterial parent suspension, followed by a weighed mass of the U, Ca, or Pb parent solution, to 0.1 M NaClO 4 in Teflon tubes to achieve the desired concentrations. The final parent solution to be added was the P one. In the U experiments, the initial U concentration was 10 À4.20 M and the initial P concentrations ranged from 10 À5.50 to 10 À3.50 M. In the Pb experiments, the initial Pb concentration was 10 À4.20 M and the initial P concentrations ranged from 10 À5.50 to 10 À3.50 M. The initial Ca concentration in all Ca experiments was 10 À3.00 M and the initial P concentrations ranged from 10 À5.00 to 10 À2.00 M. The bacterial concentration for all biotic experiments ranged from 0.31 g wet biomass/L to 2.50 g wet biomass/L (the bacterial concentration for all results presented hereafter was 0.62 g wet biomass/L, unless otherwise noted), and the abiotic controls were conducted with identical metal and P concentrations to those used in the biotic experiments, but with no bacteria present. Cells were assumed to be non-metabolizing due to the lack of nutrients and electron donors in the suspensions; however, no direct confirmation of their metabolic state was performed. Inactivated cells could not be used as controls due to likely changes to cell wall chemistry and/or structure that accompany any passivation procedure.
After the P parent solution was added to each metalbearing bacterial suspension, the pH of each experiment was adjusted immediately to the desired pH using 0.2 M HNO 3 and/or 0.2 M NaOH. The final pH values of the U, Pb, and Ca systems were 4.50 ± 0.10, 6.00 ± 0.10, and 8.00 ± 0.20, respectively. The pH of each experimental system was adjusted manually every 15 min throughout each experiment to maintain the desired pH, except for the last thirty minutes during which the experiments were undisturbed. In general, the pH drifted slightly toward circum-neutral values, but only minor adjustments, if any, were necessary after the first hour of each experiment. The suspensions were constantly agitated on an end-over-end rotator at 40 rpm for the duration of the experiment. After the prescribed equilibration time, all suspensions were centrifuged at 8100g for 5 min. The supernatant was filtered through 0.2 lm PTFE syringe filters, acidified using trace metal grade 15.8 N HNO 3 at a sample:acid ratio of 5 mL:8 lL, and refrigerated pending ICP-OES analyses. The solid phase was maintained at 4°C pending XRD, TEM, and XAS analysis. All U and Pb experiments were conducted under atmospheric conditions, and all Ca experiments were conducted in a N 2 /H 2 atmosphere in order to exclude atmospheric CO 2 and to prevent possible calcium carbonate precipitation. All experiments were performed in triplicate by conducting three independent experiments.
Precipitation experiments using bacterial exudate solution
A solution containing bacterial exudate molecules with no cells present was prepared in the following manner: B. subtilis cells were added to 0.1 M NaClO 4 to reach a concentration of 0.62 g wet biomass/L. The pH of the suspension was adjusted to 4.50 ± 0.10 using small amounts 0.2 M HCl and/or 0.2 M NaOH. The pH was monitored every 15 min and adjustments were made for 2 h. The suspension was then centrifuged at 8100g for 10 min to remove all bacteria from solution. An aliquot of the supernatant was immediately collected, filtered through a 0.2 lm PTFE syringe filter, and acidified using 15.8 N HNO 3 at a sample:acid ratio of 5 mL:8 lL. This sample was analyzed with ICP-OES to determine the starting concentration of P in the exudate solution and with a total organic carbon (TOC) analyzer to determine the concentration of dissolved carbon in the solution. The resulting concentrations were 10 À5.41±0.74 M P and 2.71 ± 0.17 ppm C. The remainder of the supernatant was then used in place of the 0.1 M NaClO 4 in an abiotic control precipitation experiment for the U system only. At the completion of the experiment, samples were collected and analyzed as described above.
Biogenic mineral isolation
As we describe below, the U experiments were the only ones to yield cell wall-nucleated biomineralization under some of the conditions studied. In order to measure the solubility of these precipitates in separate experiments, we isolated the particles from their cell wall framework using a procedure similar to the one described by Ulrich et al. (2008) . Biotic U precipitation experiments were prepared according to the above method using B. subtilis cells. After the prescribed equilibration time, the biomass was centrifuged for 5 min at 8100g, and the supernatant was decanted. The bacteria/mineral pellet was re-suspended in a 20% bleach solution, diluted with 18 MX ultrapure water, and placed on a rotating table at 32°C overnight. The suspension was centrifuged for 10 min at 8100g and decanted. The pellet was then rinsed three times with 18 MX ultrapure water, until the pH of the wash supernatant was circum-neutral, centrifuging for 10 min at 8100g and decanting between each rinse. The pellet was suspended in 10 mL of 18 MX ultrapure water, transferred into a 60 mL separatory funnel, and 50 mL of hexane was added to separate the organic debris from the minerals. The funnel was capped and shaken vigorously for 3 min, then left undisturbed overnight. The water portion was collected, centrifuged for 10 min at 8100g, and the supernatant was decanted. The pellet was rinsed once with 18 MX ultrapure water, then centrifuged for 10 min at 8100g and decanted. The bleach/hexane process was repeated until no bacterial remnants were present in the collected sample as determined by optical microscopy. Once the biogenic minerals were isolated, the pellet was washed a final time with 18 MX ultrapure water, centrifuged for 10 min at 8100g, the supernatant was decanted, and the particles were allowed to air dry. XRD analysis of the biogenic minerals suggested that the minerals were unaffected by the bleach/hexane treatment, and that they had the same crystal structure as the precipitates that formed in the parallel abiotic controls (Fig. EA1) . Scanning electron microscopy (SEM) analysis showed that the minerals were needle-like with a length ranging from 10 to 30 nm.
Solubility experiments
Separate solubility experiments were performed using the isolated and washed biogenic HUP particles. A known mass of the dry mineral powder was transferred to a Teflon tube and 18 MX ultrapure water was added to reach a concentration of 3 g/L. Small aliquots of 0.2 M HNO 3 or 0.2 M NaOH were added to adjust the pH of the solution to 4.20 ± 0.10. The pH of the solution was adjusted every hour in the first 24 h until the pH value remained within the desired range. A 2 mL sample was extracted after 24 h, and every 48 h after that for a total of 23 days. After extraction, samples were filtered immediately through 0.2 lm PTFE syringe filters, gravimetrically diluted with 18 MX ultrapure water, acidified using trace metal grade 15.8 N HNO 3 at a sample:acid ratio of 5 mL:8 lL, and refrigerated pending ICP-OES analysis of dissolved U and P concentrations.
Analytical methods
TEM
Using TEM, we examined the solid phase run products from both abiotic and biotic samples, and from a high and low saturation state for each metal system studied. For the U system, the P concentration conditions studied with TEM were 10 À4.49 (sample U5), 10 À3.89 (U8), 10
(U10), and 10 À3.49 M (U11) ( Table 1) ; for the Pb system, the P concentration conditions studied were 10 À4.49 (Pb4), 10 À3.79 (Pb6), 10 À3.65 (Pb7), and 10 À3.49 M (Pb8) ( Table 2) ; for the Ca system, the P concentration conditions studied were 10 À3.09 (Ca4), 10 À2.49 (Ca7), and 10 À2.01 M (Ca11) ( Table 3) . At the completion of each precipitation experiment, the pellet was suspended in a 2% gluteraldehyde fixative solution. The suspension was rotated end-over-end for 1 h, then centrifuged and decanted. The pellet was rinsed three times with 18 MX ultrapure water. The suspension was suspended in a 0.2% OsO 4 fixative solution and rotated end-over-end for 1 h, then centrifuged and decanted. The pellet was rinsed three times with 18 MX ultrapure water. The pellet was subjected to a series of ethanol solutions, starting at 50% ethanol and ending with 100% ethanol, to remove all water from the pellet. The dehydrated pellet was suspended in a series of Spurs resin solutions, starting with a 1:1 mixture of resin and 100% ethanol and ending with 100% resin, enabling infiltration of the bacteria by the resin. The infiltrated pellet was placed in the tip of a 1 mL BEEM capsule, and the capsules were filled with 100% resin and placed in a 70°C oven for 24 h. The sample blocks were removed from the capsules, sectioned by ultramicrotomy to a 110 nm thickness, and mounted onto 200 mesh copper grids. Only the grids for the Pb and Ca systems were stained with uranyl acetate and lead citrate; the U system grids were not stained. TEM images were collected using a Hitachi H-600 TEM operated at 75 kV acceleration voltage, as well as a JEOL 2100F TEM operated at 200 kV using various modes: bright field (BF), dark field (DF), and scanning TEM (STEM). Chemical maps were determined by an electron dispersive X-ray (EDX) detector using the K line for P and the M line for U using the JEOL 2100F TEM.
XRD
Some of the solids from the abiotic control experiments and from the biotic experiments were selected for detailed characterization by XRD. These solids were ground into a fine powder using acetone and an alumina mortar and pestle. The slurry was transferred onto a zero-background silica XRD slide and allowed to air dry. The slide was then measured at room temperature using a Scintag X-1 Powder XRD with a copper radiation source. Data were collected every half-degree from 5 to 60 degrees.
Synchrotron experiments
The solid run products from four biotic experiments and from the corresponding four abiotic controls in the U system were prepared for XAS analysis to characterize the crystallinity and structure of the precipitates. The concentrations of P in these four experiments were 10 À4.49 (sample U5), 10
À3.89 (sample U8), 10 À3.65 (sample U10), and 10 À3.49 (sample U11) M (Table 1) . Resulting bacteria/mineral pellets were immediately packaged on ice for overnight shipment. X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) at the U L 3 -edge (17166) were collected at room temperature for all pellets. A silicon (1 1 1) crystal monochromator was used to select a single energy beam. A Rh-coated harmonic rejection mirror was used to further eliminate the high harmonic component in the beam. The incident ionization chamber was filled with 100% N 2 gas, and the transmission and reference ionization chambers were filled with 50% N 2 gas and 50% Ar gas, respectively. All of the spectra were collected in transmission mode as the fluorescence spectra suffered self-absorption problems due to the high concentration of uranyl phosphate mineral in the samples (Bunker, 2010) .
Abiotic control samples were precipitated and air dried before processing. Samples were ground into fine powder using a corundum mortar and pestle, then mixed with graphite powder to reach relative homogeneity before being loaded into Plexiglas holders and sealed with Kapton film. At the energy of the U L 3 -edge, the extra coverage of Kapton film did not affect the measurements. Biotic samples, present as a paste, were prepared for measurement by loading the paste into slotted Plexiglas holders, which were then covered with Kapton film. Prepared biotic samples were refrigerated until data collection. All measurements were conducted within 72 h of sample preparation.
For every sample, 10 XANES spectra were initially collected, each lasting less than a minute, in order to monitor for possible radiation damage to the sample. Due to the heterogeneity of the samples, EXAFS spectra were collected after the XANES measurements at 10 different spots, with two measurements at each spot. No radiation damage was observed in the spectra within the 1 min data acquisition period.
The data were processed using the UWXAFS package (Stern et al., 1995) . The program Athena (Ravel and Newville, 2005) was used to remove the background using the AUTOBK algorithm (Newville et al., 1993) and to convert the data from k space into R space via Fourier transformation. The cutoff of background-Rbkg was set to 1.1 for all measurements. The program Artemis (Ravel and Newville, 2005) was used to fit the experimental EXAFS spectra. Well defined mineral structures were input into Atom (Ravel et al., 2001 ) and used to generate theoretical EXAFS paths in FEFF6 (Zabinsky et al., 1995) . Shellby-shell fitting was obtained using the program FEFFIT (Newville, 2001) , and the statistical factors reduced-v 2 and R-factor were used as criteria to optimize the fitting.
ICP-OES
ICP-OES element standards with the same ionic strength matrix as the experimental samples were prepared gravimetrically by diluting commercially-supplied 1000 ppm aqueous Ca, Pb, U, and P standards with 0.1 M NaClO 4 . The concentrations of the U and Pb standards ranged from 10 À6.70 to 10 À4.10 M. The concentrations of the Ca standards ranged from 10 À4.90 to 10 À3.00 M, and the concentrations of the P standards ranged from 10 À5.80 to 10 À2.60 M. The standards were acidified following the same procedure as was applied to the samples. The standards and samples were analyzed with a Perkin Elmer 2000DV ICP-OES within 5 days of collection. U was analyzed at 424.167 nm, Pb was analyzed at 220.356 nm, Ca was analyzed at 227.546 nm, and P was analyzed at 214.914 nm. The set of standards was analyzed before, in between, and after the samples were analyzed to check for machine drift. Analytical uncertainty, as determined by repeat analyses of the standards, was ±2.75%.
TOC
TOC standards were prepared by gravimetrically diluting commercially-supplied 1000 ppm C aqueous standard using the same ionic strength buffer solution as the experimental samples. The standards were then acidified with 6 M HCl and immediately sealed with parafilm. The standards and samples were analyzed with a Shimadzu TOC -V/ TNM within 24 h of collection.
Thermodynamic modeling
Saturation states calculations
To determine initial saturation state values for each of the experimental systems, activity quotients (Q) were calculated using a Newton-Raphson iteration technique to solve the non-linear system of mass balance and mass action Table 1 Starting conditions for precipitation experiments (U system). Tables EA1, EA2 , and EA3. The starting molarities of each metal and P were used as mass balance constraints, and the resulting Q was calculated according to the following dissolution reactions for hydrogen uranyl phosphate, lead phosphate, and hydroxylapatite:
so that the Q value for each reaction corresponds to the following terms, respectively:
Activity coefficients were calculated using an extended Debye-Hü ckel equation with A, B, and å values of 0.5101, 0.3285, and 5.22, respectively (Helgeson et al., 1981) . Saturation state values were then calculated by comparing the resulting Q values to the equilibrium constants, K, for the respective mineral, according to Eq. 7: Saturation Index ¼ logðQ=KÞ ð 7Þ
In the calculations, we assume water activities of unity, and the equilibrium constant values that were used for Reactions 1-3 were 10 À13.17 , 10 À43.53 , and 10 À53.28 , respectively (Martell and Smith, 2001; Gorman-Lewis et al., 2009; Zhu et al., 2009 ).
HUP solubility calculation
The solubility of the isolated biogenic HUP particles was calculated using a similar Newton-Raphson program to the one used to calculate saturation states to solve the non-linear set of mass action and mass balance equations corresponding to the reactions listed in Table EA1 . The total dissolved P concentration for the calculation was fixed at the average P concentration from the biogenic HUP solubility experiments. The model was used to calculate the expected U concentration based on the solubility product for macroscopic HUP reported by Gorman-Lewis et al. (2009) .
RESULTS AND DISCUSSION
3.1. Uranium system 3.1.1. TEM Element maps (a representative example of which is shown in Fig. 1 ) of U and P distributions in the biotic B. subtilis samples indicate that while P is distributed throughout the cells, U is concentrated on the cell walls. These results suggest that the cells in these experiments did not actively incorporate U into the cytoplasm through metabolic processes, and that the U distribution in the biotic experiments is controlled by adsorption and/or precipitation reactions on or within the bacterial cell walls.
The TEM images of the samples taken from the lower saturation state conditions investigated (samples U5 and U8) suggest that precipitation of uranyl phosphates was homogeneous, occurring exclusively in solution, and that the cell walls did not appear to influence the mineralization reaction ( Fig. 2A and B) . The figures show some contact between the precipitate and the bacterial cells in these samples, but the images do not offer evidence that the cells were involved in the precipitation, and it is likely that the cell-mineral association is coincidental only. Fig. 2A and B also show no significant difference in the size of the mineral precipitate between the abiotic control and the biotic experiment, which is consistent with a lack of influence of the bacterial cells on the precipitation reaction at the lower saturation state conditions investigated.
TEM evidence, however, indicates that under the higher saturation state conditions investigated (sample U11), uranyl phosphate precipitation was heterogeneous, with nano-scale crystals appearing to nucleate within the threedimensional macromolecules that comprise the bacterial cell walls (Fig. 2C and D) . Under these conditions, there is a distinct difference in precipitate size between the abiotic control and the biotic experiment. The abiotic control (Fig. 2C ) exhibits plate-like precipitates with edge lengths ranging from approximately 50 to 150 nm and thicknesses of approximately 10 nm. The lath-like precipitates observed in the abiotic controls represent cross-sections of the platelike precipitates that are oriented perpendicular to the plane of the page. Close examination of the cell wall-controlled precipitation (Fig. 3) demonstrates that precipitation was uniformly distributed around each cell and that the crystals are all plate-like in morphology with edge lengths ranging from approximately 10 to 30 nm and a thickness of approximately 1 to 5 nm, with nucleation occurring throughout the cell wall matrix and with crystals growing both into and out of the cell itself. The same cell wall nucleation phenomenon was observed in samples from the parallel systems that contained S. oneidensis MR-1 (Fig. 4) ; however, with the Gram-negative species, the nucleation appears to be restricted between the outer and plasma membranes, and the particles are oriented parallel to the cell membranes. This can be compared to the randomly oriented crystals that formed within the cell wall matrices of the Gram-positive B. subtilis species. These images provide unequivocal evidence that bacterial cell walls can nucleate mineral formation. The particles visible within the bacterial cell walls depicted in Figs. 2D, 3 , and 4 clearly nucleated in place, most likely nucleated on one or more types of cell wall functional groups. Surface controlled precipitation is thought to stem from adsorption onto surface binding sites (e.g., Farley et al., 1985; Warren and Ferris, 1998) , and in the experiments in which cell wall nucleation was evident, precipitation likely begins with uranyl adsorption onto a cell wall binding site. The adsorbed uranyl forms a positively charged site, and in this way phosphate adsorption can alternate with uranyl adsorption at this site to form a bacterial cell wall precipitate.
SAED and XRD
Selected area electron diffraction (SAED) patterns of the abiotic run products tested indicated that the precipitated solids exhibit a high degree of crystallinity. SAED results for the biotic samples exhibit a diffuse ring pattern, with some evidence of weak and ephemeral diffraction patterns. This is evidence that the nanoparticles are crystalline, but because of their small size they rapidly become amorphous under the electron beam. Solid run products from abiotic controls and biotic experiments with starting P concentrations of 10 À4.49 , 10 À3.89 , 10 À3.65 , and 10 À3.49 M, the same samples (U5, U8, U10, and U11) that were analyzed with TEM, were characterized using XRD to determine the crystallinity and identity of the precipitates. Each of the samples exhibits a number of peaks in common with the diffractogram for a reference sample of hydrogen uranyl phosphate (UO 2 HPO 4 Á4H 2 O), or HUP, as well as some different peaks (Fig. 5) . Each of the sample diffractograms exhibit peak shoulders at 2h equal to 24.25 and 25.75 that correspond to characteristic peak angles in the reference pattern. Similarly, the reference pattern and all of the samples exhibit a peak at 2h equal to 51.75. Additionally, all of the biotic experiments exhibit a peak at 2h equal to 27.25, which corresponds with the peak at the same angle in the reference pattern. However, the peaks exhibited at 2h equal to 22.7 are only present in the biotic U8 and U10 experiment diffractograms, and not exhibited in the reference pattern. These peaks are likely a result of minor, unidentified mineral phases only present in the biotic samples, or they may result from the HUP in the sample containing a differ- Fig. 1 . Elemental map of biotic (Bacillus subtilis) U11 sample. P is shown in red, U is shown in green. The scale bar is 500 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) ent number of water molecules than the HUP XRD standard. Additionally, the peak at 2h equal to 24.7 in the bacteria-only sample is present in diffractograms for each abiotic and biotic sample, but is not present in the diffractogram for the mineral reference sample. This peak likely results from a salt precipitate from the experimental solutions. Although there are variations in peak intensities in the diffractograms between the precipitates from the abiotic controls and the biotic experiments, and between precipitates from experiments with varying P concentrations, the peak positions and intensities in each diffractogram are consistent with the HUP reference pattern.
XAS
XANES spectra (Fig. EA2 ) indicate a U(VI) valence state for all of the samples, with no reduction of U to U(IV) observed. The edge position of the U(IV) spectrum is shifted approximately 4 eV towards lower energy relative to the U(VI) spectrum (Kelly et al., 2002) , and this shift was not observed in any of our samples. The shoulder structure approximately 15 eV above the edge due to the multiple-scattering of the two axial oxygen atoms of the uranyl ion (Hennig et al., 2001 ) is a characteristic feature of the U(VI) valence state (Boyanov et al., 2007) , and is present in the spectra of all of our samples. Both lines of evidence indicate that the vast majority of the uranium in our biotic and abiotic samples remained as U(VI) during the experiments, with no measureable reduction to U(IV).
EXAFS spectra at the U L 3 -edge show that at low saturation state conditions (biotic sample U5), uranyl ions are present in the biotic sample dominantly as adsorbed species, bound to carboxyl and phosphoryl groups on the bacterial cell walls. The signal strength of the phosphorous peak (located at 3.0 Å ) is weak compared to the HUP reference spectrum (Fig. 6) , and in general, the biotic U5 sample exhibits a markedly different spectrum than does the HUP standard. The second oxygen peak is more distinguishable from the other samples, and the peak at approximately 3.0 Å is damped. At 2.2 Å , the biotic U5 spectrum does not dip as much as the HUP mineral spectrum, which corresponds to the contribution of a carbon atom. The fitting suggests a binding environment of two axial oxygen atoms at 1.75 Å , and two split equatorial oxygen shells: one at 2.19 Å with approximately 2.2 oxygen atoms, and the other at 2.34 Å with approximately 5.3 oxygen atoms. This split of the equatorial oxygen shells results from the uranyl ion binding to a phosphate group so that the symmetry of equatorial oxygen is perturbed. The average number of bound C atoms at 2.90 Å from the U atom is 1.1, and the average number of bound P atoms at a distance of 3.54 Å is 0.78. These results suggest that the uranyl ion in biotic sample U5 is bound to both carboxyl and phosphoryl sites, a result that is consistent with the findings of Kelly Fig. EA3 .
Although adsorbed U is the only form of U detected by XAS in the biotic U5 sample, with increasing saturation state conditions, the EXAFS spectra indicate that U is present predominantly as solid phase HUP. Fig. 6 compares the EXAFS spectra from the abiotic and biotic samples with that of the HUP standard. All the abiotic samples and most of the biotic samples (except biotic U5) match the HUP mineral spectrum, exhibiting an axial oxygen peak at 1.4 Å , an equatorial oxygen peak at 1.8 Å , and a peak at 3.0 Å . (corresponding to phosphorus atoms). Slight differences exist between the spectra from the abiotic and the biotic samples, but these are likely due to experimental artifacts from the sample preparation procedure. Heterogeneous samples are well known to exhibit amplitude reduction, known as "thickness effects", in transmission measurements, and can also introduce background variations in the spectra. Because only small amounts of the abiotic precipitates were available for the experiment, the dried precipitates were ground and mixed with graphite powder before being mounted for measurement to obtain relatively homogenous samples. The EXAFS spectra were taken from different spots of the sample, and the spots which exhibited obvious anomalous background were abandoned. Despite these efforts to eliminate the artifacts from heterogeneity, spectra from some samples still exhibited background anomalies. In addition to the background artifacts, the possibility of amorphous phases existing together within the mineral crystal cannot be ignored. In the amorphous phase, the disorder of the local structure around uranium would reduce the amplitudes of the oxygen peaks. The biotic samples, on the other hand, were more homogenous as a result of the biomass matrix. The differences in biotic samples were relatively small, except for the biotic U5 sample, which indicates U ions adsorbed to the bacterial cell wall rather than nanoparticle formation. Fluorescence measurements (data not shown here) of the samples in Fig. 6 are consistent with transmission measurements, which corroborates the validity of the measurements.
The k 3 -weighted EXAFS spectra (Fig. EA2) show the suppressed oscillations around k$10, which is a characteristic signature for HUP/autunite/chernikovite group minerals (Fuller et al., 2003) . This feature is present in every sample (except biotic U5), which supports the conclusion that the dominating phase in the abiotic and biotic samples is the HUP mineral phase. With the exception of the biotic U5 sample, all of the spectra could be fit to the HUP structure (Morosin, 1978) with 2 axial oxygen atoms at 1.78 Å , approximately 4 equatorial oxygen atoms at 2.3 Å , and approximately 4 phosphorus atoms at 3.6 Å . The fitting to each spectrum is shown in Fig. EA3 (details of the fitting paths and parameters are available in Tables EA4 and  EA5 ). Fittings show consistent distances between the axial and equatorial oxygen and uranium as well as the phosphorus and uranium atoms compared to the known HUP structure. The shell coordination numbers are also consistent, within uncertainty, with the HUP structure. Multiple scattering paths from the axial oxygen atoms and from the equatorial oxygen-phosphorous atoms were also included to improve the quality of the fit.
The XAS results indicate that bacteria do not affect the mineral that precipitates during our experiments, and that HUP is the only significant solid phase to form in both the abiotic controls and the biotic experiments. Fittings of the EXAFS spectra (Fig. EA3 ) to the theoretical model indicates that the structure of the precipitate in all of the abiotic controls, as well as in all biotic experiments, is consistent with the mineral structure of HUP. Furthermore, and perhaps most importantly, the XAS results strongly suggest that, as predicted by surface precipitation theory, uranyl adsorption onto cell wall functional groups represents the first step in cell wall nucleation of uranyl phosphate minerals. Under the lower saturation state conditions studied, even though uranyl phosphate precipitation occurred in the system, uranium is present in the sample dominantly as adsorbed uranyl species. With increasing saturation state conditions, the adsorbed uranyl signal becomes overwhelmed with the uranyl phosphate precipitate, and under the highest saturation states studied, the precipitation becomes clearly nucleated within the cell wall.
ICP-OES
In our discussion of the aqueous chemistry results, we refer to example saturation state conditions that correspond to the numbers in Fig. 7A and B. Both the starting and final concentrations for those example experiments are shown with corresponding number labels and arrows. Saturation state condition 1 represents the lowest saturation state studied; increasing saturation state condition numbers indicate increasing saturation state conditions. For saturation state conditions 2 and 3 (Fig. 7A) , the abiotic controls removed significantly more U from solution than the B. subtilis biotic experiments performed at 0.62 g wet biomass/L. At saturation state condition 1, the biotic experiments removed slightly more U from solution than the abiotic controls. This slight increase in removed U is likely in part a result of U adsorption onto the biomass in the experiment, a result consistent with the XAS findings for these low saturation state conditions. Additionally, the biotic experiments show an increase in final P concentrations relative to the experimental starting conditions at saturation state condition 1. This increase is likely due to P exuded from the bacteria during the experiment, and some of the enhanced U removal relative to the abiotic controls may be due to enhanced HUP precipitation from this additional P in the system. At saturation state conditions 2 and 3, the amount of P exuded represents a lower percentage of the total P in the experimental systems, and no significant increase in P is observed in those systems. Under all saturation states investigated, the abiotic controls removed more P from solution than did the biotic experiments relative to the starting conditions.
As the bacterial concentration was varied from 0.31 to 2.50 g (wet mass)/L, the amount of U removed from solution did not exhibit a consistent trend as a function of bacterial concentration (Fig. 7A) . At all of the bacterial concentrations studied, the abiotic controls removed more U from solution at saturation state conditions 2 and 3 than did the biotic experiments. With increasing bacterial concentration, the final aqueous P concentration in the biotic experiments increased as well, likely due to bacterial exudates which contain P. However, the relative increase in P concentration decreased as the saturation state increased to condition 3.
Shewanella oneidensis biotic experiments removed slightly more U from solution at low saturation states (condition 1) than did the abiotic controls, but the two types of experiments removed approximately equal concentrations of U from solution under higher saturate state conditions (Fig. 7B, condition 2) . The abiotic controls removed up to one log unit more P from solution at low saturation states than did the biotic experiments. Similar to the B. subtilis biotic experiments, the lowest saturation state S. oneidensis biotic experiments exhibited elevated final P concentrations, relative to both the starting conditions and the abiotic controls. This elevated P concentration is likely due to P that is exuded from the bacteria. The bacterially-exuded P in the S. oneidensis system is more readily available for U removal than the P exuded by B. subtilis, as evidenced by the greater removal of U from solution at the lowest saturation state condition in the S. oneidensis system relative to the B. subtilis system (Fig. 7B and A,  respectively) . At high saturation states, there was no significant difference in final U and P concentrations between the abiotic controls and the biotic experiments in the S. oneidensis system. The higher aqueous U concentrations in the biotic experiments relative to the abiotic controls are not likely caused by nucleation kinetics effects. If the presence of the bacteria accelerated the nucleation kinetics, a result consistent with the presence of the smaller crystals in the biotic experiments relative to the abiotic controls, then one would expect lower concentrations of U to remain in solution as faster precipitation kinetics usually cause more complete precipitation reactions (Kasama and Murakami, 2001; Fritz and Noguera, 2009) . Similarly, cell wall adsorption of U should cause enhanced removal of U from solution relative to the abiotic control experiments (Fowle Fig. 7 . Changes in the aqueous concentrations of U and P in the U experiments. (A) B. subtilis; (B) S. oneidensis. All experiments were performed in triplicate (symbols represent the mean). Error bars represent one standard deviation (note that some error bars are smaller than the symbol). Each arrow connects the starting condition (arrow tail, asterisks) to the final U and P concentrations in the abiotic control or biotic experiments (arrow head, squares and circles). The numerals "1", "2", and "3" represent saturation state conditions discussed in detail in the text and are presented here for reference. Gorman-Lewis et al., 2005; Knox et al. 2008 ). However, the opposite occurs in most of our experiments, with higher aqueous U concentrations in the B. subtilis biotic experiments. The concentration of bacteria in the system does not significantly affect the extent of U and P removal within a range of 0.31-2.50 g wet biomass/L (Fig. 7A) , also suggesting that U adsorption onto the bacteria does not control U concentrations in the higher saturation state experiments. This behavior is not a result of increased saturation state conditions in biotic experiments, since higher saturation states would result in less U remaining in solution in the biotic experiments compared to the abiotic controls (Ohnuki et al., 2005) .
Elevated U concentrations can be caused by inhibition of precipitation by aqueous U complexation with organic exudates. To test whether aqueous U-organic complexes affected the extent of precipitation and were the cause for the observed elevated aqueous U concentrations in the biotic experiments, we used an organic exudate solution to perform a cell-free control experiment. Fig. 8 shows that at low saturation states (condition 1), the exudate solution contained an elevated P concentration relative to both the starting conditions and the abiotic control, confirming that bacteria exude P into solution. This effect is less apparent as the experimental P concentration increases. At the lowest saturation states investigated, there was no significant removal of U by the exudate solution, which is consistent with the XAS results which show that at low saturation states, U is dominantly removed by adsorption to cell walls. This also suggests that the exuded P is present as an organo-phosphate and is unavailable for precipitation with U. If the exudates contained orthophosphate, we would expect to observe enhanced U removal in the exudates solutions relative to the abiotic controls. As the saturation state increases to conditions 2 and 3, the exudate solution removes more U from solution than the biotic experiments, but removes less U from solution than the abiotic controls. These results suggest that U-organic aqueous complexes form under the experimental conditions, accounting for at least a portion of the increased final U concentration in the biotic experiments. However, because the exudate solution experiments result in more U removal than do the biotic experiments, it is evident that these aqueous complexes only account for a portion of the elevated U concentrations in the biotic experiments, and that another process also contributes to the observed elevated U concentrations in the biotic experiments.
Solubility
Complexation of U with organic exudates explains at least part of the enhanced U concentrations observed in the biotic experiments; however, at higher initial P concentrations, complexation does not explain the discrepancy between the abiotic controls and the biotic experiments. It is under these conditions that we observed cell wall mineralization and smaller particle sizes. These particles appear to be plate-like in morphology, with edge dimensions of much less than 30 nm in all dimensions. It is possible that the solubility of these nanoparticles is higher than the solubility of the much larger abiotic precipitates, and our solubility experiments were designed to test this hypothesis. Fig. 9 depicts the experimental measurements of the solubility of the isolated biogenic precipitates (isolated from biotic U10). The measured U and P concentrations attained steady-state values by the time the first sample was extracted from the experiments, and maintained the steady-state for the duration of the experiment. The average steady-state log molalities of total U and P in solution were À4.34 ± 0.07 and À3.13 ± 0.08, respectively, with no consistent change in concentration after 2 days. The solubility product of HUP, determined by GormanLewis et al. (2009) using 300 lm crystals, was used to calculate an expected solubility of macroscopic HUP crystals for comparison. For these calculations, we account for aqueous U and P speciation using the reactions and equi- Fig. 8 . Aqueous chemistry results for the bacterial exudate experiment (shown as hollow triangles) compared to aqueous chemistry results for the U system (as shown in Fig. 7A ). Each arrow connects the starting condition (arrow tail, asterisks) to the final U and P concentrations in the abiotic control or biotic experiments (arrow head, squares and circles). The numerals "1", "2", and "3" represent saturation state conditions discussed in detail in the text and are presented here for reference. Fig. 9 . Measured U and P concentrations from the solubility experiments involving biogenic hydrogen uranyl phosphate (HUP) precipitates. Model P concentrations were fixed at the average experimental value, and the model U line is the calculated U concentration in equilibrium with macroscopic HUP, using the Ksp value reported by Gorman-Lewis et al. (2009). librium constants shown in Table EA1 . At the measured equilibrium P concentration of our biogenic HUP solubility experiment, macroscopic HUP would be in equilibrium with a solution with a U log molality of À5.86 (À0.10/+0.08). The biogenic HUP exhibited a U concentration approximately 1.5 orders of magnitude higher than the concentration calculated for macroscopic HUP, suggesting that the particle size of these nanoscale-sized particles can exert a large influence on their solubilities. The results of the solubility measurements suggest that in addition to the effect of the aqueous U-exudate complexation, the size of the biogenic nanoprecipitates that form under high saturation state conditions likely contributes to the enhanced U concentrations that we observed in the biotic experiments.
Effects of bacteria on uranyl phosphate precipitation
Our results present evidence for passive cell wall biomineralization, a type of biomineralization in which the high binding affinity of cell walls for aqueous metal cations creates nucleation sites for mineral precipitation reactions in saturated systems. Although it is not clear from our data which cell wall functional groups are involved and what the exact precipitation mechanism is, the data demonstrate unequivocally that the presence of bacteria in some precipitating systems can alter the extent and morphology of the precipitation reaction, and is likely to affect the fate and mobility of the precipitating elements.
Passive cell wall biomineralization and the formation of nanoprecipitates of uranyl phosphate could significantly affect the mobility of U compared to the mobility exhibited if the precipitation occurred without bacteria present. Nanoprecipitates of uranyl phosphate may be released from the cell walls in which they formed after cell death, and due to their small size, the particles may be highly mobile in a geologic matrix. In addition, as our data suggest, nanoprecipitates can exhibit markedly higher solubilities than macro-scale crystals, and organic bacterial exudates can form aqueous complexes with dissolved uranium. Both of these processes affect the mobility of uranium in the aqueous phase, increasing the equilibrium concentration of U in solution at a given P concentration.
Lead system
3.2.1. TEM Fig. 10 shows TEM micrographs of biotic samples under high and low saturation states (biotic Pb4 and Pb8). All of the electron dense (dark) particles in the bulk solution in the figure represent the mineral precipitate. The mineral precipitates in these images exhibit the same morphology and are similar in size (note that the scale bars are different in each micrograph). It is also evident that although the precipitate and the bacteria are in contact at some points, the contact appears to be coincidental only and no strong spatial correlation exists. We conclude from this visual evidence that passive cell wall mineralization does not occur in the Pb system under any of the saturation state conditions investigated.
XRD
The solid run products from biotic experiments Pb4, Pb6, and Pb8 were analyzed by XRD (Fig. EA4) . The diffractograms for these samples exhibit the same peaks, suggesting that the precipitate in each biotic experiment was the same mineral, a result that is consistent with the TEM results above. Therefore, the precipitate in the Pb system is unaffected by varying saturation states within the range investigated in this study. Additionally, the diffractograms of the biotic experiments are all consistent with the reference pattern (ICDD 00-002-0750) for lead phosphate (Pb 3 (PO 4 ) 2 ). XRD analyses were not performed on the abiotic controls due to the difficulty of harvesting a large enough mass of precipitate at the low Pb concentrations investigated.
ICP-OES
Under saturation state condition 1, the abiotic controls removed half a log unit less Pb from solution than did the biotic experiments (Fig. 11) . Under this condition, the biotic experiments exhibited an increase in the final concentration of P relative to the abiotic controls and the starting condition. This increase in P in the biotic experiments, which is not seen in the abiotic controls, is likely a result of P exuded from the bacteria during the experiment. Therefore, if the exuded P is at least in part present as orthophosphate, the enhanced Pb removal from solution in the biotic case could be due to enhanced Pb 3 (PO 4 ) 2 precipitation due to the elevated saturation state that results from the exuded P. Alternatively, the enhanced removal in the biotic experiments could be due to Pb adsorption onto the biomass in the biotic experiments. At saturation state condition 2, the extents of Pb removal by the abiotic controls and the biotic experiments were not significantly different, nor did the P concentration change during the course of either the biotic or abiotic experiments.
Effect of bacteria on lead phosphate precipitation
The Pb system results demonstrate that the presence of bacteria does not strongly affect the extent or nature of Pb-phosphate precipitation under the conditions studied. Under low saturation state conditions, we observed enhanced removal of Pb from solution in the biotic systems relative to the abiotic controls, and this effect could be due either to the P that is exuded by the bacteria or to biomass adsorption of Pb. The bacteria do not affect the mineralogy nor the morphology of the precipitates in the Pb system, and consistent with these observations, our TEM images showed little or no association between the bacteria and the precipitate.
Calcium system
TEM
Under low saturation state conditions ( Fig. 12A and B) , the precipitates in both the abiotic controls (abiotic Ca7) and the biotic experiments (biotic Ca7) exhibit plate-like morphologies with average dimensions of approximately 50 Â 50 Â 10 nm. Under higher saturation state conditions ( Fig. 12C and D) the precipitate in the abiotic control (abiotic Ca11) exhibits the same characteristics as the abiotic control precipitate at low saturation states. However, the biotic experiment at high saturation states (biotic Ca11) produces smaller precipitates, with average dimensions of approximately 20 Â 20 Â <10 nm. In Fig. 12B and D, there appears to be a spatial association between the mineral precipitate and the cell wall; however, it is uncertain whether this association is coincidental or a result of the cell wall involvement in the precipitation process. Therefore, although there is no evidence that passive cell wall nucleation occurs in this system under the investigated conditions, the presence of the bacteria affects the size of the mineral precipitate under high saturation state conditions.
XRD
Biotic Ca4 and abiotic and biotic Ca7 and Ca11 samples were characterized with XRD (Fig. 13) . The abiotic controls each exhibit distinct peaks (e.g., at 2h equal to 16.3, 26.1, 31.7, and 32.6 ), but the peaks in the biotic experiment diffractograms are less distinct, with significant peak broadening becoming more apparent with increasing saturation state. For example, in the diffractogram for biotic Ca11, the peaks at 2h of 26.1, 31.7, and 32.6 appear to be one broad peak instead of the three distinct peaks seen in abiotic Ca11. The peak broadening effect that is evident at the high saturation states in the biotic experiments likely results from the formation of smaller precipitates under these conditions, as observed in the TEM images (Fig. 12D) . Furthermore, the diffractograms from all of the Ca experiments are consistent with the reference diffractograms (ICDD 01-071-5049) for hydroxylapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ), suggesting that HA is the dominant precipitate to form under all of the experimental conditions.
ICP-OES
Under virtually all of the saturation state conditions studied, the bacteria do not affect the extent of Ca removal during precipitation relative to the abiotic controls (Fig. 14) . The bacteria do, however, release P into solution, resulting in higher final P concentrations in solution relative to both the abiotic controls and the starting conditions. With increasing experimental P concentration, the input of P from the bacteria becomes less important relative to the starting P concentration. At the highest saturation states studied (condition 2), the biotic samples exhibit Ca concentrations that are approximately 0.25 log molality units higher than those of the abiotic controls. As we observed in the U experiments, the elevated aqueous Ca concentrations remaining in solution in the biotic experiments are likely a result of aqueous Ca complexes with organic exudates. These complexes render the Ca unavailable for mineral precipitation, and as a result the remaining aqueous Ca concentrations in the biotic experiments are elevated relative to the abiotic controls.
Effect of bacteria on calcium phosphate precipitation
The results of the Ca experiments indicate that the presence of bacteria does not affect the extent of Ca precipitation from solution, except at the highest saturation state Fig. 11 . Changes in the aqueous concentrations of Pb and P in the Pb experiments with B. subtilis. All experiments were performed in duplicate. Error bars represent one standard deviation (note that some error bars are smaller than the symbol). Each arrow connects the starting condition (arrow tail, asterisks) to the final Pb and P concentrations in the abiotic control or biotic experiments (arrow head, squares and circles). The numerals "1" and "2" represent saturation state conditions discussed in detail in the text and are presented here for reference.
conditions investigated, where binding with bacterial exudates may affect the extent of Ca removal. Bacterial cells do not affect the mineralogy of the precipitates in the Ca system. However, the presence of bacteria results in a more fibrous morphology of the precipitates compared to that seen in the abiotic controls, and results in a decrease in the size of the precipitate under high saturation state conditions, as indicated by the TEM results. The size effect of the bacteria in the Ca experiments is likely due to the presence of organic bacterial exudates in solution and the interaction of these molecules with the precipitating HA particles. Lebron and Suarez (1996) reported a similar effect on the size of calcite precipitates in the presence of varying concentrations of dissolved organic carbon (DOC). With increased concentrations of DOC, Lebron and Suarez (1996) observed a decrease in calcite particle sizes from >100 lm at a DOC concentration of 0.02 mM to <2 lm at a DOC concentration of 0.15 mM. Consistent with this observation, the biotic experiment diffractograms exhibited a general peak broadening effect, which became more pronounced with increasing saturation states. Studies have reported that particle size and peak width in XRD diffractograms are inversely correlated, such that smaller particles produce wider peaks in the diffractogram relative to the same mineral with a larger particle size (Weibel et al., 2005; Sanchez-Bajo et al., 2006) . The observed gradual peak broadening effect in the biotic experiments with increasing saturation state suggests that the precipitate size and/or crystallinity decrease as the saturation state increases.
CONCLUSIONS
In this study, we investigated the effects of non-metabolizing bacteria on the precipitation of metal phosphates under a range of saturation states. Our results demonstrate several distinct bacterial effects. At high saturation states in the U system, we observed passive cell wall nucleation of uranyl phosphate minerals within the cell wall framework of both B. subtilis and S. oneidensis cells. These nucleated particles, although of the same mineralogy and morphology as forms under abiotic conditions, were dramatically smaller than the abiotic precipitates. Furthermore, the extent of U removal in the biotic systems was significantly reduced relative to the abiotic controls, in part due to the elevated solubility of the smaller nucleated particles, and in part due to the presence of bacterial exudate molecules that formed aqueous complexes with U and prevented the same degree of uranyl phosphate precipitation as occurred in the abiotic experiments. We did not observe the same passive cell wall mineralization phenomenon in the Ca or Pb systems. However, the presence of bacteria did decrease the size of the precipitates in the Ca system at high saturation state. Our experimental results strongly suggest that the bacterial effects that we observed are likely to be element and/or saturation state specific. It is likely that highly stable metal-phosphoryl binding, such as exists in the U system, is required to trigger metal-phosphate cell wall mineralization.
Our observations provide the first comprehensive evidence for the passive cell wall biomineralization of metal phosphates, in which the high binding affinity of cell walls for aqueous metal cations creates nucleation sites for mineral precipitation reactions in saturated systems. These nucleation sites likely promote heterogeneous nucleation of metal phosphates on or in the cell wall through surface complexation reactions, as seen by Fowle and Fein (2001) . The passive cell wall biomineralization mechanism does not change the mineral that precipitates. It does, however, exert a strong control on the size of the precipitate that forms during the experiments. All experiments were performed in duplicate. Error bars represent one standard deviation (note that some error bars are smaller than the symbol). Each arrow connects the starting condition (arrow tail, asterisks) to the final Ca and P concentrations in the abiotic control or biotic experiments (arrow head, squares and circles). The numerals "1" and "2" represent saturation state conditions discussed in detail in the text and are presented here for reference.
